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j.2013.08Abstract A prototype bridge management system for concrete bridges in Egypt (EBRMS) is built
and tested. The proposed system has the ability to record different inventory data, has tools for con-
dition rating, priority ranking and cost optimization at both bridge and network levels. Condition
rating is based on the type, extent, and severity of defects and urgency of intervention, all based on
observations made during the inspections. It also takes into account the importance of the deteri-
orated elements. Priority ranking is evaluated on the basis of a knowledge-base stored in the system.
It is calculated using four parameters: condition rating; remaining service life; safety index; and
impact of the structure on the network. The developed framework of EBRMS consists of three
main modules: database and inspections, condition rating and decision making modules. Details
of each of the system capabilities are based on the published research work, mainly on the BRIME
project. Testing and veriﬁcation of the proposed scheme are carried out using a virtual bridge net-
work and available published data as the knowledge base. Twelve actual bridges of different types
(slab and beam, box girder and slab types) at different locations and under varying service condi-
tions are assumed in the virtual network. Various scenarios of damage states, imposed policies and
budget constraints were assumed for testing and validation. All results were reasonable and within
acceptable domain.
ª 2013 Housing and Building National Research Center. Production and hosting by Elsevier B.V.
All rights reserved.Introduction
Egyptian road network is suffering major malfunctioning due
to rapidly increasing trafﬁc volume and absence of clear main-
tenance strategies. It is clear that a management system to1820451.
(A.M. Saleh).
using and Building National
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.003organize the process of maintenance, repair, rehabilitation
and replacement for network elements is urgently needed. This
system is not only needed for preserving network functionality
but also to preserve the huge capital spent on various highway
structures.
Bridge management system (BMS) is deﬁned as ‘‘a tool for
assisting highway and bridge agencies in their choice of opti-
mum improvements to the bridge network that are consistent
with the agency’s policies, long term objectives, and budgetary
constraints’’ [1]. This objective entails regular inspection,
assessment, and maintenance of all highway structures on
the network. Therefore a computerized database is essential
for organizing data and supporting decisions on requiredction and hosting by Elsevier B.V. All rights reserved.
Fig. 2 EBRMS architecture.
228 A.M. Saleh et al.maintenance works and budget allocations. Management is
usually required at two levels: the Project Level (for individual
structures) and the Network Level (management of a stock of
structures) where more emphasis is given to economics and
political issues.
One of the ﬁrst works to establish an Egyptian Bridge Man-
agement System (EBMS) was initiated by Abu-Hamd [2].
The work targeted steel bridges where a database module
together with inspection and condition assessment module
(structural analysis sub module and condition assessment
sub-module for steel bridges) was developed. In the current
work, the EBMS initiated by Abu-Hamd [2] was extended to
include concrete bridges, designated in the sequel as EBRMS,
with all necessary tables and forms relevant to concrete
bridges. The work includes the updating of the database mod-
ule, the addition of condition assessment/rating modules and
the addition of a decision making module to help prioritize
maintenance work and to decide on allocation of available
budgets based on engineering and ﬁnancial considerations.
The additions to EBRMS are based mostly on the outcome
of project ‘‘Bridge Management in Europe’’ (BRIME) [8].
Description of proposed EBRMS
General
A typical BMS consists of four basic modules [3], database
module, performance prediction module (sometimes called
deterioration module), cost module, and optimization module.
These modules are organized as shown in Fig. 1 according to
their dependencies.
Fig. 2, describes the EBRMS architecture in the proposed
work. It consists of a database and three main modules:
inspection, condition rating, and decision making modules.
In Fig. 2, the sub-modules designated by (*) are EBMS up-
dated modules, sub-modules designated by (**) are EBMS
modules that are not changed, and the rest of modules are to-
tally new modules and features in EBRMS.
Database module
The database module embodies a wide array of data, including
basic bridge inventory data, such as project documents in addi-
tion to data received from other EBMS modules. The database
module contains a large number of tables for organizing, stor-
ing and retrieving various data types. Some tables contain data
that rarely change throughout the bridge life such as theFig. 1 Typical BMS components.identiﬁcation, service, and navigation data tables. Other tables
require continuous updating. Those include the inspection,
maintenance, repair item cost data, lists of possible repair ac-
tions, interest rate, inﬂation rate, budget, policy constraints,
rating history etc. Data are input through the Forms and
stored in the corresponding tables.
Inspection system
Standardized inspection procedures and forms are mandatory
for the use of EBRMS. Hence this sub module includes the fol-
lowing data:
 Inspections data, such as, inspection type, date, and
weather.
 Inspectors data, such as, inspector name, and previous
experience.
 Inspection observations for superstructure and
substructure.
Standard forms are used to describe the observed defects
including their type, extent and severity. Forty-seven defect
types relevant to concrete bridges are available to the Inspec-
tor. Defects can be assigned to all element types (31 element
types are available). This is internally stored in an element/
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Fig. 3 Input/output of the decision making module.
Toward an Egyptian Bridge Management System 229defect correlation matrix for each performed inspection. Possi-
ble repair techniques are also correlated to each defect type.
Condition rating module
Condition rating (Rc) is calculated based on the results of
inspections as well as on database inventory data. The rating
reﬂects the current status of a bridge relative to other bridges
or to the same bridge at an earlier date. It is used as an input
to the decision making module. It can also be used to assess the
rate of deterioration.
A simple scoring method based on a cumulative condition
rating is used. It is expressed by:
ðRcÞ¼
PG
i¼1
PSi
j¼1
Pn
m¼1 BmKð1ÞijmKð2ÞijmKð3ÞijmKð4Þijm
  .
Si
h i
PG
i¼1
PSi
j¼1
Pn
m¼1 BmKð1ÞijmKð2ÞijmKð3ÞijmKð4Þijm
  .
Si
h i
ð1Þ
where Bm is the weight associated with each defect type; K
ð1Þ
ijm
factor describing the extent of the damage; K
ð2Þ
ijm factor describ-
ing the intensity of the damage; K
ð3Þ
ij factor describing theFig. 4 Sample of possible repair actioimportance of the structural component; K
ð4Þ
ijm factor describing
the urgency of intervention; K
ð1Þ
ijm factor describing maximum
(2) extent of the damage; K
ð2Þ
ijm factor describing maximum (2)
intensity of the damage; K
ð3Þ
ij factor describing the same impor-
tance as K
ð3Þ
ij ; K
ð4Þ
ijm factor describing a maximum (10) urgency of
intervention; G number of element groups in the structure; Si
number of elements in each group; and n is the number of
existing defect types on each member.
Factors K
ð1Þ
ijm and K
ð2Þ
ijm range between (0) and (2), each, where
the factor increases with the increase in damage extent and
intensity, respectively. Factor K
ð4Þ
ij ranges between (0) and (1)
where the factor increases with the increase in element type
importance to the structural safety. Details of assigned factors
to each element type can be found in Abbas [4]. Factor K
ð4Þ
ijm
ranges between (0) and (10) where the factor increases with
the increase in urgency of intervention.
Eq. (1) describes the condition of the structures based on
the type, intensity and extent of damage observed in the latest
inspection relative to its condition when all observed defects
are at their worst condition.
Decision making module
The decision making module is responsible for decisions
regarding repair and maintenance works, setting priorities of
intervention actions and decisions on available budget alloca-
tions. Fig. 3 illustrates the input/output of the module.
1. A three-level prioritization scheme is used as follows:
2. A reference value (benchmark value) of condition rat-
ing (Rc value) is set by the responsible authority. All
bridges with condition rating above this value are con-
sidered in the next step of prioritization process, the
rest are considered to satisfy the minimum acceptable
performance
3. The selected bridges are ordered according to their
importance on the network reﬂected by the structural
safety evaluation, remaining service life and the impact
of the structure on the network.ns corresponding to defect ID 24.
230 A.M. Saleh et al.4. Optimization of the maintenance/repair activities,
based on ﬁnancial considerations (cost/beneﬁt) at both
bridge and network levels is performed.
5. To order the bridges in the second level a priority rank-
ing (RA) is calculated. RA is estimated using a knowl-
edge base. The knowledge base space has ﬁve
dimensions (condition rating RC, remaining service life
SL, safety index b, impact factor IF, and priority rank-
ing RA of previously evaluated bridges). The remaining
service life is based on expected total service life
depending on the material and type of construction.
The safety index is a quantitative measure of the
acceptable structural performance level of the struc-
ture. It takes into account the resistance and the load
effects. The impact factor (IF) is calculated by:
IF ¼ ð1þ GÞ  ðIMFþ FFÞ=8 ð2Þ
where G is the seismic design ground acceleration determined
based on bridge location; FF is a functionality factor basedTable 1 Benign environment transition probability matrix.
0 1 2 3 4
0 0.93 0.04 0.02 0.01 0
1 0 0.95 0.02 0.02 0.01
2 0 0 0.95 0.03 0.02
3 0 0 0 0.96 0.04
4 0 0 0 0 1
Table 2 Low environment transition probability matrix.
0 1 2 3 4
0 0.92 0.04 0.02 0.01 0
1 0 0.94 0.03 0.02 0.01
2 0 0 0.94 0.04 0.02
3 0 0 0 0.92 0.08
4 0 0 0 0 1
Table 3 Moderate environment transition probability matrix.
0 1 2 3 4
0 0.9 0.04 0.03 0.02 0.01
1 0 0.93 0.04 0.02 0.01
2 0 0 0.92 0.05 0.03
3 0 0 0 0.9 0.1
4 0 0 0 0 1
Table 4 Severe environment transition probability matrix.
0 1 2 3 4
0 0.88 0.05 0.04 0.02 0.01
1 0 0.92 0.05 0.02 0.01
2 0 0 0.9 0.06 0.04
3 0 0 0 0.83 0.17
4 0 0 0 0 1on four parameters: vertical clearance, bridge width, possible
detour and weight restriction. FF is the sum of factors assigned
to each parameter; IMF is the importance factor that depends
on four parameters road class, trafﬁc volume, bridge location
and historical signiﬁcance. IMF is the sum of factors assigned
to each parameter.
The numerical values assigned to the above factors can be
found in Abbas [4]. The priority ranking is then estimated via:
Cfij ¼ CnijP
iCnij
ð3Þ
Cnij¼ exp 
ðRciRcjÞ2þðSLiSLjÞ2þðbibjÞ2þðIFi IFjÞ2
2w2
" #
ð4Þ
RAi ¼
X
j
ðRAj  CfijÞ ð5Þ
where n is the number of sample vectors in the knowledge-base
(previous data); Cfij is the Similarity Coefﬁcient between cur-
rent bridge vector and each knowledge space vector; w is the
width of the Gaussian function that reﬂects the smoothness
of the normal distribution of database vectors. Its value is ta-
ken equal to 0.25; i is a subscript for any new bridge vector; j is
a subscript for any vector within the existing data base space.
The method calculates the priority ranking RA for a new
condition state based on its similarity to previously calculated
rankings. The new RA is a weighted average of previously cal-
culated RAs. The weights (Cfij) are based on the proximity of
the vector [Rc, SL, b, IF] of the new condition to the similar
vectors stored in the knowledge base.
At the third level, ﬁnancial optimization is carried out at
the bridge (project) level as well as at the network level. At
the project level, the optimization involves the choice of the re-
pair action to be applied to each of the observed defects in each
bridge element. As described above, each type of defect has a
stored list of possible repair options associated with its unit
cost, a sample is shown in Fig. 4.
At the project level, two options are considered, either to
repair ‘‘now’’ or to postpone the repair work for one year.
The cost in each case is compared and a decision is made
accordingly. The cost for repair after one year is based on fore-
casting the condition of each defected element after one year as
well as the knowledge of inﬂation and interest rates. The con-
dition after one year is calculated based on a model for deteri-
oration rates.
A cost-efﬁciency index (CEI) of a repair option is calculated
as follows:
CEI ¼ Ctots þ CAtots
CDtots
ð6Þ
where CEI is the cost efﬁciency index of repair option; Cto–ts is
the resultant increase in repair cost due to delay from (to) to
(ts); CAto–ts is the additional cost due to additional deteriora-
tion for any repair option due to delay from (to) to (ts); and
CDto–ts is the money saved by deferring repair works from
(to) to (ts).
The resultant increase in repair option cost can be esti-
mated from the formula:
Ctots ¼ IUC AD ð1þ fÞ ð7Þ
where I is a factor that describes the damage intensity effect on
the repair option unit cost; UC is the unit cost of the repair
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Fig. 5 Network level optimization.
Fig. 6 Condition rating Rc for scenarios 32–34 (Bridge 5 – Slab
and Beam Type).
Fig. 7 Condition rating Rc for scenarios 35–39 (Bridge 5 – slab
and beam type).
Toward an Egyptian Bridge Management System 231
Table 5 Condition ratings for all bridges under scenario 40.
Bridge No. 1 2 3 4 5 6 7 8 9 10 11 12
Rc 32.7 11.8 11 0.02 5. 9 0.03 12.6 0.01 26.5 4.4 28.5 6.1
SL 20 37 43 11 22 47 46 35 25 5 40 50
b 2.5 3.1 3 4 3.6 3.9 3.3 4 2.55 3.7 2.6 3.5
IF 0.67 0.62 0.61 0.54 0.63 0.74 0.93 0.38 0.60 0.65 0.63 0.9
RA 7.81 7.02 6.95 6.75 6.99 6.77 7.44 6.03 7.49 7.14 7.4 7.2
Fig. 8 Total repair cost resulting from project level
optimization.
232 A.M. Saleh et al.option; AD is the amount of damage for the detected defect; f
is the money inﬂation rate.
The additional cost of repair option due to additional dete-
rioration after the delayed period can be estimated from the
formula:
CAtots ¼
X
ðI PÞ
h i
 ADUC ð1þ fÞ ð8Þ
where (P) is the transition probability, based on Markov chain
models, from one condition state to the next. The proposed
transition probability matrices for different environmental
classes (benign, low, moderate and severe) are presented in Ta-
bles 1–4 [5]. Five states are assigned to the conditions of any
elements, consistent with the condition descriptions in the
inspection module. Condition state (0) is the intact state and
(4) is the most severely damaged state. Since it is impossible
for bridge structure condition state to be improved without re-
pair actions, all elements below the diagonal are zero. The sum
of elements in each row of the transition probability matrix
must be unity. At the lower right corner of the matrix the value
of the probability element is always one as the structures in the
worst possible condition state always stay at the same condi-
tion state [6]. Eq. (8) implies that the damage intensity is af-
fected by delay while damage extent (amount of damage) is
not which is mere assumption similar to the probability values
in the transition matrices. Further work is needed to develop
other matrices based on conditions prevailing in Egypt.
The amount of money saved by deferring repair works for
the delay period can be estimated from the following formula,
where (r) is the interest rate:
CDtots ¼ IUC AD ð1þ rÞ ð9Þ
For each defect in each element, the repair option having the
maximum CEI is the optimum repair option for that defect.
Looking at all defects in all elements, an ordered list, based
on descending values of corresponding CEI is obtained. The
sum of the cost of all listed actions is the bridge optimized re-
pair cost. The output of this process is an ordered list of opti-
mum repair options (one for each defect in each element), the
corresponding cost for each, and the total cost of repair.
At the network level, an accumulated cost efﬁciency index
(ACEI) for each bridge is developed by de Brito [7] in the form:
ACEI ¼
PN
m¼1ðCm  CEImÞPN
m¼1ðCmÞ
ð10Þ
where N is the total number of defects in the bridge; Cm is the
optimized cost for the mth defect repair option; CEIm is the
cost efﬁciency index for the mth defect repair option.
The ACEI is a weighted average of optimum repair options
for the existing defects. The cost of repair, for each option, is
used as weights. The higher the cost, the higher it contributes
to ACEI.A network policy, to be set forth by the responsible author-
ity, can be imposed prior to any optimization. Two constrains
are available in the EBRMS: critical bridges list (CBL) which
contain critical bridges with repair as top priority; and damage
rules where certain levels of damage intensity cannot be toler-
ated and bridges suffering damage intensities equal to or high-
er than the speciﬁed levels should also be given top priority in
repair. If they exist, then policy constrains are applied ﬁrst
with a continuous check that the remaining network budget
is sufﬁcient to proceed to the next step.
If no policy is imposed or if there is still a remaining portion
of the budget, the optimization process is carried out. ACEI
values are calculated and ordered in a descending manner. Pri-
ority is given to the top-most bridge on the list then the next
and so on till either the budget is fully consumed or the end
of the list is reached. Fig. 5 shows the ﬂowchart of the network
level optimization process.
Validation and testing of EBRMS
Virtual network, scenarios and knowledge base
A virtual road network containing 12 (actual) bridges is con-
sidered for the validation of EBRMS [4]. The twelve bridges
represent different structural types: slab and beam type, box
girder type and slab type. They range from small bridges hav-
ing only 23 elements to larger bridges having 325 elements with
a variety of element types. Different service data are assumed
for the bridges. These data include location, road class, age,
seismic zone, environmental condition, trafﬁc volume, impor-
tance, etc. The data were selected randomly to include several
possible choices for each parameter and to avoid patterns in
Table 6 Chosen policies.
ID Critical severity Critical urgency Severity priority Urgency priority Critical bridge list (CBL)
Policy-1 – – – – 1–12
Policy-2 5 10 2 1 5
Policy-3 5 10 1 5 5
Policy-4 5 10 1 1 5
Policy-5 3 – 1 – –
Policy-6 5 10 1 1 –
Table 7 Network level scenarios.
Scenario No. Applied policy Applied budget
1 – Bedget-1
2 Policy-1 Bedget-1
3 Policy-2 Bedget-1
4 Policy-3 Bedget-1
5 Policy-4 Bedget-1
6 Policy-5 Bedget-1
7 Policy-6 Bedget-1
8 Policy-2 Bedget-2
Table 8 Network level optimization for scenario 1.
Bridge No. Bridge accumulative
cost eﬃciency index (ACEI)
Total repair
cost (LE.)
12 1.302 96,050
10 1.292 197,525
4 1.277 12,470
3 1.272 561,600
8 1.245 13,073
5 1.240 110,550
6 1.238 6290
2 1.216 657,227
7 1.210 245,555
1 1.065 2,620,800
9 1.065 736,400
11 1.065 468,500
Table 9 Network level optimization for scenario 8.
Bridge No. Bridge accumulative
cost eﬃciency index (ACEI)
Total repair
cost (LE.)
5 1.240 110,550
1 1.065 2,620,800
9 1.065 736,400
7 1.065 130,400
Toward an Egyptian Bridge Management System 233the data that might have an effect on the output. A total of 40
different damage scenarios were prepared for validation and
testing purpose. Different types of defects, levels of defect
intensity, extent, and urgency of intervention are assumed.
Also, lists of possible repair actions corresponding to each de-
fect and the corresponding unit prices are provided. Six poli-
cies as well as two budget amounts are assumed in different
combinations. For the sake of calculating RA values, a knowl-
edge base is extracted from the deliverables of BRIME Project
[8] and used as the knowledge base of the bridges in the virtual
network. The scenarios include intact conditions, extremely
damaged structures, concentration of damage in certain
elements groups, also cases in-between, as well as randomly
selected damage cases.
Sample results
Figs. 6 and 7 show the calculated condition rating Rc for
bridge 5 (slab and beam construction, 60 elements, 30 years
old, mild environmental conditions, seismic zone 2). Scenarios
32–34 represent (in all elements) very minor damage, mild
damage and very severe damage cases, respectively. Scenarios
35–39 represent minor damage of only one type of concrete
damage. As expected, higher Rc values are obtained as the de-
fect severity increases. Scenarios 35–39 represent very severe
damage of only one type of defects in all elements. As seen
in Fig. 7, close values of Rc are obtained as no preference is gi-
ven to any type of defect over the other types (no weights
assigned).
Scenario 40 contains a random choice of bridge conditions.
It is used primarily to test priority ranking and when imposing
different policies and budget amounts, is used to test the deci-
sion making modules. Table 5 gives the condition ratings along
with the other parameters required for evaluating the priority
ranking using the knowledge base. Also, the last row in table 5
gives the obtained RA values. Accordingly, the order of prior-
ity of repair becomes {1, 9, 7, 11, 12, 10, 2, 5, 3, 6, 4, 8}.
Project (bridge) level optimization is performed using an
interest rate of 8% and inﬂation rate of 15%. CEI values are
calculated according to Eq. (6) and optimum repair options
are determined. Fig. 8 shows the total cost of repair of all
bridges based on the selected repair options and assigned unit
prices.
At network level, two total network budgets are chosen to
be LE 15,000,000 and LE 4,000,000. The ﬁrst is large enough
to ensure that all bridges are selected and the second is limited
to carry out the optimization and to a select part of the bridges
for repair. Eight new scenarios are designed to test the optimi-
zation module. Tables 6 and 7 describe the policies and the
new scenarios, respectively. In scenario (1) all bridges areurgent and budget is large enough. Scenarios (2)–(4) test the
application of policies. Severity and urgency rules are permu-
tated to see their effect on the resulting order of bridge list.
Scenario (5) has no rules for urgency of intervention and a
lower critical severity and accordingly should include more
bridges on top of list picked for that rule only. Finally, sce-
nario (6) has a limited budget and therefore, not all bridges
shall be chosen.
234 A.M. Saleh et al.Samples of the outcome of the network level optimization
are given in Tables 8 and 9 for scenarios 1 and 8, respectively.
The results of scenario ‘‘1’’ show that where no policy is
adopted and no budget constrains exist, the results of Network
Level Optimization is to repair all bridges according to opti-
mized budgets obtained from bridge level optimization. In sce-
nario 8, a limited budget is applied with policy 2 enforced.
Accordingly, only four bridges can be repaired.
Conclusions
EBRMS is extended for concrete bridges. In addition, several
new modules/capabilities are added. Validation of the different
program modules was done using a virtual roads network con-
taining twelve bridges, published data and specially designed
scenarios. The complete records of these bridges were stored
in the database, the condition ratings were calculated, priority
ranking was performed and the optimization at both bridge
and network levels was carried out. Sample results were
presented in the previous sections. Details can be found in
Abbas [4].
The results indicate that all modules are performed logically
and as expected. This conclusion is limited to the scope of tests
performed. However, more conﬁdence in the database can
only be built through real-life usage by interested agencies.
Additional effort is required to achieve more suitability to
application in Egypt. Those may include the development of
more representative deterioration models for different defect
types under a range of operating conditions; development ofa standard for the inspection, assessment and maintenance
operations; and the development of recommendations for
proper policies that can be followed by responsible authorities.
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